Abstract
To estimate thermal tolerance we exposed replicate fragments from each colony to a two hours to an elevated temperature treatment of 31°C for two weeks and 32°C for an with daily pH and salinity measurements taken. Corals were monitored by daily visual inspection 1 2 0 to evaluate bleaching response using the Coral Watch color scorecard, and the effects of . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/185595 doi: bioRxiv preprint first posted online Sep. 10, 2017; 1 3 9 from larval stages that naturally lack algal symbionts, no special filtering is required to eliminate 1 4 0 any algal reads in these samples from adult tissue. We conducted this analysis as previously 1 4 1 described for de novo analysis of corals (Wang et al., 2012; Howells et al., 2016) . Briefly, we 1 4 2 filtered reads prior to analysis to exclude any low quality or uninformative reads, then aligned cannot be confidently determined from allele frequencies). Genotypes were called with a (https://github.com/Eli-Meyer/2brad_utilities). To control for variation in the algal symbiont communities of each coral, which can . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/185595 doi: bioRxiv preprint first posted online Sep. 10, 2017;  microbial symbionts) (Abrego et al., 2008; Howells et al., 2011) , we sequenced the dominant 1 5 5 symbiont type in each colony. We amplified ITS2 using PCR primers previously described for 1 5 6 studies of Symbiodinium diversity (LaJeunesse, 2002) , and sequenced the resulting amplicons sequences from all clades A-H (Hunter et al., 2007) . Using our symbiont sequences and these 1 5 9
reference ITS2 sequences, we created an alignment in the program MEGA (Kumar et al., 2017) .
A maximum likelihood phylogenetic tree was created with all known and unknown sequences to 1 6 1 determine which clades our coral samples fell into. The dominant symbiont type was assigned 1 6 2 for each sample by comparing the phylogenetic tree of unknown and known samples. While 1 6 3 these data lack resolution to describe quantitative mixtures of algal symbiont types, we interpret 1 6 4 these sequences as the dominant symbiont types in each sample based on the presence of a single 1 6 5 dominant haplotype in sequencing chromatograms. We included this information in quantitative 1 6 6 models of bleaching responses to evaluate the contribution of variation in the dominant symbiont 1 6 7 type to variation in thermal tolerance. Quantifying bleaching responses
To quantify bleaching in each fragment, we used qPCR to estimate the abundance of algal symbionts relative to host cells (Cunning et al., 2015) . We quantified collected samples after stress experiments in qPCR reactions. DNA from all six fragments post heat stress was 1 7 3 extracted using an organic phase extraction. All qPCR reactions were run on an Eppendorf SensiFAST SYBR Hi-ROX master mix (Bioline, Taunton, MA), 4.3 µl NFW, 0.6 µl each of forward and reverse 10-µM primers, and 2 µl of genomic DNA in a final volume of 15 µl. The thermal profile for each reaction consisted of an initial denaturing step of 95°C for 2 min, for 30 sec. All samples were run using the same reaction parameters and were analyzed together. In addition, one sample was included on every plate as an inter-plate calibrator. We quantified 1 8 1 host cells using host actin loci using the forward (5'-CGCTGACAGAATGCAGAAAGAA-3') 1 8 2 and reverse (5'-CACATCTGTTGGAAGGTGGACA-3') primers, as previously described 1 8 3 (Cunning et al., 2015) . To quantify Symbiodinium in each sample we used a pair of universal . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/185595 doi: bioRxiv preprint first posted online Sep. 10, 2017; 0 natural population. For our study, we inferred genetic relatedness among samples based on 2 0 1 multilocus SNP genotypes, and then used the genetic relatedness matrix derived from these SNPs 2 0 2 to estimate genetic variance components. For this analysis we used the 'related' package in R 2 0 3 (Queller & Goodnight, 1989; Muir & Frasier, 2015) . After developing this matrix of genetic 2 0 4 relatedness among samples, we analyzed variation in bleaching responses in the context of these 2 0 5 relationships to estimate heritability. We used a linear mixed model with genotype and symbiont 2 0 6 type as random effects and population source as a fixed effect. To identify genetic markers associated with variation in bleaching responses, we tested 2 1 0 for associations at each SNP locus using linear mixed models including genotype as a random 2 1 1 effect and population source as a fixed effect. To account for errors rising from multiple tests, we 2 1 2 converted controlled false discovery rate at 0.05 using the pFDR procedure (Storey, 2003 To evaluate whether genomic regions associated with heat tolerance include genes colony using the Omega Bio-tek E.Z.N.A. Tissue RNA Kit (Omega Bio-tek, Norcross, GA). on HiSeq 4000 at the University of Oregon's Genomic and Cell Characterization Core Facility. We first processed the raw sequences to remove non-template regions introduced during library 2 3 3 preparation, and excluded reads with long homopolymer regions (>20bp) and low-quality reads with a Phred score of <30. All filtering steps were conducted using publicly available Perl scripts We tested for differential gene expression using a negative binomial model in the R 2 4 0 package DESeq2 (Love et al., 2014) . We tested for changes in gene expression by evaluating 2 4 1 changes in both constitutive and stress-induced expression across samples. We first tested for the tested, and categorized DEGs based on similarity in expression patterns. we conducted multilocus SNP genotyping using a sequencing-based approach (2bRAD).
5 2
Altogether, we sequenced 150 million high-quality reads, averaging 3.87 million reads per 2 5 3 colony. We mapped these reads to a reference previously developed from aposymbiotic larvae, 2 5 4 ensuring the loci being genotyped are derived from the coral host rather than the algal symbionts. We genotyped >700 kb at ≥ 5x coverage (Supplementary Table S1 ), including a large number of 2 5 6 putative polymorphisms. We further filtered genotypes to minimize missing data and genotyping
errors, identifying a set of 5,512 high-quality SNPs that we used for all subsequent analyses. Symbiodinium communities in host colonies and bleaching responses
Sanger sequencing produced clear ITS2 amplicon reads for each colony, suggesting that 2 6 1 a single type was dominant in these colonies. To identify the dominant symbiont type in each 2 6 2 sample we constructed a maximum likelihood tree using our sequences and multiple communities in these samples, but we judged that information on the dominant type was 2 6 7 sufficient to control for confounding effects of symbiont type.
6 8
After 4 weeks in thermal stress at 31°C and 32°C, we saw considerable variation in 2 6 9 bleaching among stressed fragments, while symbiont density changed very little across control 2 7 0 samples. While there was variation between colonies, there was little to no variation in bleaching 2 7 1 among fragments from the same colony ( Figure 2 ). We quantified symbiont densities in each 2 7 2 fragment using qPCR, and compared stress and control phenotypes to determine the average 2 7 3 reduction in symbiont abundance in each colony. We estimated the bleaching response of each 2 7 4 colony as the difference between average ddC T for stressed and control fragments. Colonies warming in this population (but see Discussion for additional considerations). Genomic basis for variation in thermal tolerance
To understand the genomic basis for variation in thermal tolerance, we used our SNP genotypes to test for association between bleaching responses and coral genotypes. For this 2 9 7
analysis, we conducted a series of linear mixed models with genotype as a random factor and 2 9 8 population source as a fixed factor. We conducted tests at each locus to determine if the 2 9 9
bleaching responses depended on the genotype at that locus. To visualize regions of the genome
showing strong association with thermal tolerance, we mapped the results from statistical tests To further characterize where these SNPs were located and their biological functions, we our SNPs, we searched across scaffolds and located annotated and unannotated genes within 10, 2017; gene neighborhoods. All genes identified in this analysis are shown in Supplementary Table S2 . To further investigate the mechanisms of thermal tolerance, we profiled gene expression and three heat-stress fragments). We sequenced our libraries twice, once on Illumina HiSeq 3000
and once on HiSeq 4000, and all sequenced reads from both runs were combined. In total, 56.7 Using a negative binomial model, we tested for changes in gene expression, evaluating 3 2 7 differences in both constitutive and stress-induced expression. Our model tested for the effect of whether the fragments were in control or heat-stress, and the interaction effect between type and 3 3 0 treatment. We found 1,097, 62, and 210 differentially expressed genes (DEGs) when testing for (red bars in figure 5 ) generally express these genes at higher levels than heat susceptible colonies genes in each category is provided in Supplementary Table S3 . A substantial number of genes showed significant type by treatment effects, where the clusters of correlated genes using the cutree function in R. Gene expression profiles could be 3 4 2 categorized into two dominant patterns. In the first patterns, genes were expressed at overall 3 4 3 higher levels in heat-tolerant corals and were downregulated during thermal stress, and expressed 3 4 4 at lower levels overall in heat-susceptible corals but upregulated during thermal stress. We found 3 4 5 159 genes in this category (Figure 6a ). The second pattern was the opposite: genes that were 3 4 6 expressed at higher levels overall and upregulated during thermal stress in heat-tolerant corals, cluster with similar patterns as 6b but with more variation across genes (not shown). Our study provides some of the first quantitative estimates for heritability of variation in temperatures, but left uncertainty in whether these findings extended to adult corals with coral colonies. These parameters have been studied in Indo-Pacific Acroporids, but to our available for corals in the Robust clade (Fukami et al., 2008; Meyer et al., 2009a Meyer et al., , 2011 Kitahara 3 6 0 et al., 2010; Baums et al., 2013; Dixon et al., 2015) or any other Caribbean corals. This is an 3 6 1 important consideration because heritability of a trait is specific to the population and To investigate the functional basis for this variation in bleaching responses, we conducted 3 6 7 genomic and transcriptomic studies comparing allele frequencies and transcriptional stress 3 6 8 responses in these corals. We found genetic markers significantly associated with thermal 3 6 9 tolerance, and used the integrated genomic resource developed from genetic linkage map and 3 7 0 draft sequence assemblies to identify of some of the genes linked to these markers. We found to thermal stress.
7 6
This study builds on growing evidence that coral populations harbor genetic variation that 3 7 7 may support adaptation to ocean warming. These questions are especially pressing for Caribbean supporting heritable variation in traits under selection is species-and population-specific, breeder's equation to estimate the expected rate of adaptation within a single generation 3 8 7 (Falconer and Mackay, 1996) . These predictions require empirical estimates for the narrow-sense 3 8 8 heritability of the trait under selection, the proportion of phenotypic variation attributable to 3 8 9 additive genetic variation (Falconer and Mackay, 1996) . While it has been clear for some time adaptive responses of corals in the immediate future, since rapid adaptation relies on standing information on this potential for adaptation to ocean warming, confirming that heritability of bleaching responses in adult corals can be comparable to the high heritability of thermal 3 9 8 tolerance observed in some previous larval studies ( Dixon et al., 2015) . Importantly, these estimates of h 2 express genetic potential for adaptation, and other Walsh, 1998). In these cases, selection for one trait affects the distribution of not only that trait, The development of sequencing-based approached for multilocus SNP genotyping has 4 2 2 made genomewide association studies (GWAS) a widely used tool for identifying markers 4 2 3 associated with traits of interest (Schlötterer et al., 2015) . These approaches map statistical adopted to study transcriptional responses to thermal stress in corals (DeSalvo et al., 2008; 4 5 3 Voolstra et al., 2009; Leggat et al., 2011; Meyer et al., 2011; Oliver & Palumbi, 2011; 4 5 4 Bellantuono et al., 2012a , 2012b Barshis et al., 2013; Kenkel et al., 2013; Palumbi et al., 2014) .
One finding that has emerged consistently from these studies is the observation that corals vary , 1997; Marshall & Baird, 2000; Baums et al., 2013) . Many studies have demonstrated controlled studies (López-Maury et al., 2008; DeSalvo et al., 2010; Meyer et al., 2011; 4 6 0 Granados- Cifuentes et al., 2013) .
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